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The universal low-gradient (ulg) method is implemented into the VASP 5.2.11.1,2 For the calculations 
of crystal systems, we used projector augmented wave (PAW) pseudopotentials developed by Kresse et 
al3 with the exchange-correlation function of Perdew, Burke, and Ernzerhof (PBE).4 For a plane-wave 
kinetic energy cutoff, 700 eV is used for hydrocarbon systems and 1000 eV for other systems. We set a 
van der Waal’s (vdW) radius of 35 Å and consider all pairwise vdW interactions whose distances are 
less than this vdW radius. For the sampling in the reciprocal space, we used a 3 × 3 × 3 Monkhorst-Pack 
grid for most calculations, but a 6 × 6 × 2 grid is used for a graphite and h-BN, and a 5 × 3 × 1 grid for a 
C8K. For the zero-point energy computation, we expand our unit cells as twice in each cell length 
(totally eight times in volume) and compute the vibrational frequencies, since the VASP only provides 





Fig. S1 Plots of the dispersion energy (Edisp) of DFT-ulg method as a function of blg = 0.4 (green line), 
0.7 (blue line), and 1.0 (magenta line) compared with a 12-6 Lennard-Jones potential (red line). 
 
 
Fig. S2 Binding energy curves of benzene dimers in the a) T-shaped configuration, b) sandwich 
configuration, and c) parallel-displaced configuration as a function of distance calculated using the 
PBE-ulg method (blue) compared with PBE (red), PBE with Grimme’s correction (green), and high 




Table S1. Lennard Jones parameters (R0 and D0) of universal force field (UFF) from H (Z=1) to Lr 
(Z=103).6 Dispersion coefficients (C6) are given as 2D0R06. (Units: R0 in Å, D0 in kcal/mol, and C6 in 
kcal Å/mol) 
Atom R0 D0 C6 Atom R0 D0 C6 Atom R0 D0 C6 
H 2.886 0.044 50.85 Kr 4.141 0.220 2218.63 Lu 3.640 0.041 190.73 
He 2.362 0.056 19.45 Rb 4.114 0.040 387.86 Hf 3.141 0.072 138.28 
Li 2.451 0.025 10.84 Sr 3.641 0.235 1095.02 Ta 3.170 0.081 164.39 
Be 2.745 0.085 72.73 Y 3.345 0.072 201.72 W 3.069 0.067 111.97 
B 4.083 0.180 1667.93 Zr 3.124 0.069 128.28 Re 2.954 0.066 87.71 
C 3.851 0.105 684.95 Nb 3.165 0.059 118.61 Os 3.120 0.037 68.26 
N 3.660 0.069 331.72 Mo 3.052 0.056 90.52 Ir 2.840 0.073 76.61 
O 3.500 0.060 220.59 Tc 2.998 0.048 69.70 Pt 2.754 0.080 69.81 
F 3.364 0.050 144.92 Ru 2.963 0.056 75.79 Au 3.293 0.039 99.46 
Ne 3.243 0.042 97.71 Rh 2.929 0.053 66.93 Hg 2.705 0.385 301.64 
Na 2.983 0.030 42.27 Pd 2.899 0.048 56.98 Tl 4.347 0.680 9176.49 
Mg 3.021 0.111 168.76 Ag 3.148 0.036 70.07 Pb 4.297 0.663 8347.10 
Al 4.499 0.505 8375.63 Cd 2.848 0.228 243.34 Bi 4.370 0.518 7215.20 
Si 4.295 0.402 5047.02 In 4.463 0.599 9467.13 Po 4.709 0.325 7087.38 
P 4.147 0.305 3102.66 Sn 4.392 0.567 8139.30 At 4.750 0.284 6523.94 
S 4.035 0.274 2365.06 Sb 4.420 0.449 6695.92 Rn 4.765 0.248 5805.76 
Cl 3.947 0.227 1716.56 Te 4.470 0.398 6349.77 Fr 4.900 0.050 1384.13 
Ar 3.868 0.185 1239.14 I 4.500 0.339 5629.95 Ra 3.677 0.404 1996.98 
K 3.812 0.035 214.79 Xe 4.404 0.332 4844.53 Ac 3.478 0.033 116.82 
Ca 3.399 0.238 734.03 Cs 4.517 0.045 764.44 Th 3.396 0.026 79.76 
Sc 3.295 0.019 48.63 Ba 3.703 0.364 1876.95 Pa 3.424 0.022 70.90 
Ti 3.175 0.017 34.83 La 3.522 0.017 64.90 U 3.395 0.022 67.37 
V 3.144 0.016 30.91 Ce 3.556 0.013 52.57 Np 3.424 0.019 61.23 
Cr 3.023 0.015 22.90 Pr 3.606 0.010 43.97 Pu 3.424 0.016 51.56 
Mn 2.961 0.013 17.52 Nd 3.575 0.010 41.75 Am 3.381 0.014 41.82 
Fe 2.912 0.013 15.85 Pm 3.547 0.009 35.85 Cm 3.326 0.013 35.20 
Co 2.872 0.014 15.71 Sm 3.520 0.008 30.44 Bk 3.339 0.013 36.03 
Ni 2.834 0.015 15.54 Eu 3.493 0.008 29.06 Cf 3.313 0.013 34.38 
Cu 3.495 0.005 18.23 Gd 3.368 0.009 26.27 Es 3.299 0.012 30.94 
Zn 2.763 0.124 110.34 Tb 3.451 0.007 23.65 Fm 3.286 0.012 30.21 
Ga 4.383 0.415 5884.46 Dy 3.428 0.007 22.72 Md 3.274 0.011 27.10 
Ge 4.280 0.379 4659.42 Ho 3.409 0.007 21.97 No 3.248 0.011 25.83 
As 4.230 0.309 3540.22 Er 3.391 0.007 21.29 Lr 3.236 0.011 25.26 
Se 4.205 0.291 3217.50 Tm 3.374 0.006 17.70     




Table S2. Comparison of binding energies of Hobza’s non-covalent 22 complexes.7 The binding energy 
was calculated with PBE-ulg and PBE methods with 6-31(+,+)G(d,p) basis set (with counter-poise 
correction) based on the structures in the reference 7. 
 PBE PBE-ulg Reference 
Ammonia dimer 3.51 4.04 3.17 
Water dimer 5.57 5.99 5.02 
Formic acid dimer 17.49 18.86 18.61 
Formamide dimer 14.52 15.94 15.96 
Uracil dimer (hydrogen bond) 18.41 20.40 20.47 
2-pyridoxine 2-aminopyridine 15.37 17.76 16.71 
Adenine-thymine (Watson-Crick pair) 14.33 16.88 16.37 
Methane dimer 0.05 0.66 0.53 
Ethene dimer 0.40 1.64 1.51 
Benzene-methane 0.00 1.45 1.5 
Benzene dimer (parallel-displaced) -2.23 1.84 2.73 
Pyrazine dimer -0.79 2.90 4.42 
Uracil dimer (stack) 2.76 7.91 9.88 
Indole-benzene (stack) -2.35 3.40 5.22 
Adenine-thymine (stack) 1.19 8.64 12.23 
Ethene-ethyne 1.26 1.88 1.53 
Benzene-water 2.11 3.42 3.28 
Benzene-ammonia 1.04 2.38 2.35 
Benzene-HCN 2.85 4.45 4.46 
Benezene dimer (T-shape) -0.06 2.37 2.74 
Indole-benzene (T-shape) 2.08 5.34 5.73 
Phenol dimer 4.13 6.79 7.05 
Mean absolute error (MAE) 2.80 0.70 - 
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Table S3. Equilibrium cell volume of simple molecular crystal systems, N2, O2, CO and CO2, calculated 
using PBE-ulg method, compared with conventional PBE calculations and experiments. For CO2 crystal, 
we estimated the contribution of lattice vibrations (VIB) using MD simulations using DREIDING force-
fields. aVIB = 1.01 %. 
 N2 O2 CO CO2 
PBE 180.04 69.38 178.96 218.17 
PBE-ulg 179.89 69.35 178.99 179.93 
Experiments 179.79 (4.2 K)8  69.11 (7 K)9  179.98 (8 K)10 
177.88 (150 K)11 
176.10 (0 K)a 
 
Table S4. Heat of sublimation ΔHsub of simple molecular crystal systems, N2, O2, CO and CO2, 
calculated using PBE-ulg method, compared with conventional PBE calculations and experiments. 
ZPEs are considered by calculating phonon vibrations consistently. 
 N2 O2 CO CO2 
PBE 0.09 0.04 0.18 2.15 
PBE-ulg 1.13 1.41 1.46 4.61 
Experiments 1.669 2.079 1.9910 6.2712 
 
Table S5. Equilibrium cell volume of halogen molecular crystal systems, F2, Cl2, Br2 and I2, calculated 
using PBE-ulg method, compared with conventional PBE calculations and experiments. 
   F2 Cl2 Br2 I2 
PBE 126.47 282.48 317.30 409.03 
PBE-ulg 126.32 236.23 270.06 345.13 




Table S6. Heat of sublimation ΔHsub of halogen molecular crystal systems, F2, Cl2, Br2 and I2, 
calculated using PBE-ulg method, compared with conventional PBE calculations and experiments. 
ZPEs are considered by calculating phonon vibrations consistently. For I2 crystal, we estimated the 
contribution of lattice vibrations (VIB) using MD simulations using DREIDING force-fields. aVIB = 
15.39 %. 
 F2 Cl2 Br2 I2 
PBE 0.25 2.02 5.87 8.52 
PBE-ulg 1.36 5.73 10.34 14.42 
Experiments 2.19 (0 K)16  7.17 (0 K)16  11.07 (0 K)16  
14.92 (RT)17  
17.63 (0 K)a 
 
Table S7. Lattice constant a of rare gas face-centered-cubic crystal systems, Ne, Ar, Kr and Xe, 
calculated using PBE-ulg method, compared with conventional PBE calculations, PBE calculations with 
Grimme’s correction, adiabatic connection fluctuation-dissipation theory (ACFDT) calculations, ab 
initio CCSD(T) calculations, and experiments. aAll values are obtained by extrapolation to 0 K. 
 Ne Ar Kr Xe 
PBE 4.643 5.936 6.403 7.052 
PBE-ulg 4.464 5.618 6.056 6.576 
PBE-Grimme18 4.23 5.38 5.64 6.06 
ACFDT19 4.5 5.3 5.7 - 
CCSD(T)20  4.468 5.311 5.633 6.111 




Table S8. Heat of sublimation ΔHsub of rare gas face-centered-cubic crystal systems, Ne, Ar, Kr and Xe, 
calculated using PBE-ulg method, compared with conventional PBE calculations, PBE calculations with 
Grimme’s correction, adiabatic connection fluctuation-dissipation theory (ACFDT) calculations, ab 
initio CCSD(T) calculations, and experiments. ZPEs are considered by calculating phonon vibrations 
consistently. 
 Ne Ar Kr Xe 
PBE 0.40 0.45 0.48 0.63 
PBE-ulg 0.69 1.38 1.62 2.09 
PBE-Grimme18 1.34 2.03 3.34 5.03 
ACFDT19 0.39 1.91 2.58 - 
CCSD(T)20 0.47 1.85 2.68 3.80 
Experiments 0.4623 1.8525 2.6825 3.7925 
 
Table S9. Equilibrium cell volume of poly aromatic hydrocarbon crystal systems, naphathalene, 
anthracene, and phenanthracene, calculated using PBE-ulg method, compared with conventional PBE 
calculations and experiments. aAll values are obtained by extrapolation to 0 K. For phenanathracene 
crystal, we estimated the contribution of lattice vibrations (VIB) using MD simulations using 
DREIDING force-fields. aVIB = 6.17 %. 
 Naphthalene Anthracene Phenanthracene 
PBE 380.23 515.49 524.51 
PBE-ulg 344.41 451.55 461.68 
Experiments 342.3 (12 K)26 455.2 (14 K)27 
489.7 (RT)28 
459.5 (0 K)a 
 
Table S10. Heat of sublimation ΔHsub of poly aromatic hydrocarbon crystal systems, naphathalene, 
anthracene, and phenanthracene, calculated using PBE-ulg method, compared with conventional PBE 
calculations and experiments. aAll values are obtained by extrapolation to 0 K. Zero-point energy (ZPE) 
and lattice vibration (VIB) are corrected. bZPE = 0.55 kcal/mol,29 VIB = 16.91 %. cZPE = 2.69 kcal/mol 
(this work), VIB = 9.19 %. dZPE = 2.34 kcal/mol (this work), VIB = 5.84 %. 
 Naphthalene Anthracene Phenanthracene 
PBE 0.89 1.75 1.52 
PBE-ulg 18.93 25.80 24.39 
Experiments 15.3-19.6 (RT + ZPE)17  20.1-25.0 (RT + ZPE)17 20.1-22.9 (RT + ZPE)17  
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 18.4-23.5 (0 K)b 24.6-30.0 (0 K)c 23.6-26.5 (0 K)d 
 
Table S11. Dependence of elastic constant, C33 on the damping constant in Grimme’s correction, 
determining the local curvature of Edisp. Units of C33 values are in GPa. We note that the suggested value 
by Grimme is 20 Å.30 
d (Å) Graphite h-BN C8K 
10 44.4 54.2 64.7 
15 42.4 60.4 66.2 
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